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ABSTRACT 
The sex of many reptiles, including that of painted turtles (Chrysemys picta), is 
determined by incubation temperature. Because of this unusual mechanism of sex 
determination, the choice of oviposition site is important for determining the sex of the 
offspring, which ultimately influences the sex ratio of the population. Recent field studies 
have shown that C. picta could choose nest sites based on the thermal microclimate at a 
particular location and that individual females choose thermally similar sites during each 
nesting event. The repeatability of this behavior suggests that there may be a quantitative 
genetic basis underlying nest-site choice. This hypothesis was tested by combining assays of 
molecular and phenotypic variation for 283 females from an Illinois population of C. picta. 
We quantified overstory vegetation cover of nest sites and four highly variable microsatellite 
DNA markers for each female. Results indicate that the actual variance of relatedness 
(Var(r)) is significantly positive (P<0.0001) and that the field heritability of nest-site choice 
is relatively high (h2 = 0.31 ± 0.068, P < 0.0001 ). 
These results suggest that, not only do related females return to nest in the same 
geographic area, but they also inherit microclimate nesting preferences from their mothers 
via substantive quantitative genetic factors. Thermally-based nest-site choice is therefore 
likely to serve as an evolutionary mechanism to regulate sex ratios in this population. 
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CHAPTER 1. 
General Introduction 
Thesis Organization 
The thesis that follows is composed of three chapters. The first chapter presents a 
general introduction to the importance of maternal effects such as oviposition site preference 
on the evolution of sex ratios in organisms with environmental sex determination (ESD) and 
the importance of estimates of quantitative genetic parameters in natural populations. The 
second chapter presents research that was conducted at Iowa State University examining the 
heritability of nest-site choice in a natural population of painted turtles, Chrysemys picta, a 
species with a form ofESD. The final chapter summarizes the study and proposes areas for 
future research. 
Introduction 
Sex Ratio 
The importance of primary sex ratios has been under study at least since 1874, when 
Darwin in "The Descent of Man" stated that sex ratios were a question best left for future 
study. Many studies since that time have indeed worked to decipher the mechanisms behind 
the evolution and maintenance of sex ratios in a variety of populations (Fisher 1930; 
Williams 1979; Toro and Charlesworth 1982; Conover and Van Voorhees 1990; Carvalho et 
al. 1998; Blows et al. 1999). This research has found that organisms with genotypic sex 
determination (GSD) can maintain a primary sex ratio of approximately 1: 1 due to the 
Mendelian segregation of sex chromosomes during meiotic divisions (Williams 1979; Toro 
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and Charlesworth 1982). It has also been noted that, despite Mendel's principles of 
segregation, a 1 : 1 population sex ratio is not maintained in many species with GSD 
(Hamilton 1967; Clark 1978; Trivers and Willard 1973; Charnov 1982; Frank 1989; Hurst 
1993). In cases of skewed sex ratios, organisms with GSD may experience other mechanisms 
to maintain the population sex ratio over time (Hamilton 1967; Hurst et al. 1996; Clark 1978; 
Trivers and Willard 1973). 
Evolution and maintenance of the primary sex ratio is confounded in organisms that 
lack GSD, wherein the sex ratios are controlled by environmental cues rather than distinct 
chromosomes. Organisms with ESD mechanisms, such as temperature-dependent sex 
determination (TSD), which is found in many reptiles, are presumably highly dependent on a 
particular environment imparting differential fitness between sexes and each mother's ability 
to choose the best environment for her offspring (Bulmer and Bull 1982; Bull 1983; Bull et 
al. 1982a, 1982b; Janzen 1992; Rhen and Lang 1998; Janzen and Morjan 2001; Morjan 
2003). 
Maternal effects on sex ratios 
Maternal effects have increasingly been recognized for their importance in the 
dynamics of both genetic and environmental effects involved in microevolutionary processes 
(Mousseau and Fox 1998). The role of maternal effects has become especially evident in 
taxa that exhibit TSD (Bulmer and Bull 1982; Bull 1983; Bull et al. 1982a, 1982b; Janzen 
1992; Rhen and Lang 1998; Janzen and Morjan 2001; Morjan 2003). In organisms with TSD 
the maternal choice of oviposition site might influence the fitness of the offspring as well as 
their sex (e.g., Janzen 1995) through impacting the nest thermal environment. As a 
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consequence females may directly influence population sex ratios through their choice of 
oviposition site. 
Effect of TSD in natural populations 
Most turtles exhibit TSD where the thermal climate of the nest during incubation 
determines the sex of the hatchlings (reviewed in Janzen and Paukstis 1991; Ewert and 
Nelson 1991). The painted turtle, Chrysemys picta, displays TSD whereby a warm nest 
temperature produces females and nests only a few degrees cooler produce males (Bull, 
1980; Ewert and Nelson 1991; Bull 1985; Janzen, 1994a; Weisrock and Janzen, 1999). 
Increased fitness of offspring in relation to the nest environment has been found in the 
common snapping turtle Chelydra serpentina, where individuals from same-sex treatments 
exhibited a higher fitness than hatchlings from a treatment that allowed a mixture of the two 
sexes to be produced (Janzen 1995). Because nest sites producing one sex exclusively 
appear to exhibit higher fitness, a female's ability to influence the sex of her offspring 
through her choice of oviposition site choice is important. C. picta females also have 
exhibited the ability to choose oviposition sites based on environmental cues, potentially 
increasing the fitness of their offspring (Janzen and Morjan 2001). 
Oviposition-site choice can be considered a phenotypic trait of the mother. A 
significant repeatability allows this character to be investigated by standard methods of 
quantitative genetics (Bulmer and Bull 1982). Studies in painted turtles, which have a larger 
geographic range than any other freshwater turtle within North America (Ernst et al. 1994), 
have found that the pivotal temperature (the constant temperature of incubation that produces 
a I: I sex ratio) does not deviate from the normal 28-30 C even when the mean ambient 
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temperature in the geographic area differs by 2-5 C (Bulmer and Bull 1982). This finding 
indicates that female choice of oviposition site should differ according to the climate the nest 
is likely to experience (females will choose cooler nest sites in warm climates and warmer 
nest sites in cooler climates) (Bull et al. 1982b). 
This type of female control over nest sites has been found in C. picta, where females 
may choose nest sites based on the thermal microclimate at a particular location (Janzen and 
Morjan 2001, 2002). Moreover, individual females tend to choose thermally similar sites 
every time they nest both within and across years (repeatability, r=0.18-0.21) (Janzen and 
Morjan 2001 ). The preferred microclimate for each female is quantifiable by the amount of 
south west vegetation cover over the nest (Valenzuela and Janzen 2001 ). This measure is a 
good indicator of nest temperature during development (Morjan and Janzen 2003) because it 
remains relatively stable throughout the incubation period (Janzen 1994b), allowing nests 
that receive more direct sunlight to maintain warmer temperatures than nests in shaded areas. 
The phenotypic effect of vegetation cover is predictable except in years where ambient air 
temperatures are extremely high, as was observed in July 1995 (Weisrock and Janzen 1999), 
or low, as observed in July 1990 (Janzen 1994a), causing a greater than expected proportion 
of nests to develop as either male or female, negating the typical effect of vegetation cover. 
Due to this unusual mechanism of sex determination, the female's choice of 
oviposition site is an important factor for determining the sex of the offspring, which 
ultimately influences the sex ratio of the population. The repeatability of this behavior in 
each female suggests that there may be quantitative genetic factors or natal imprinting 
underlying nest-site selection. 
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Natal Imprinting vs. quantitative genetic parameters 
If oviposition preference is an inherited trait, it is important to address whether it is 
inherited via quantitative genetic factors or caused by the offspring imprinting on the natal 
nest. Imprinting is a distinct possibility in C. picta as, after emerging from the egg, the 
hatchlings in most clutches overwinter in the nest, allowing several months in which to 
imprint on the microclimate of the nest cavity (Packard et al. 2002; Weisrock and Janzen 
1999). Despite the prolonged stay in the natal nest, imprinting is not likely to serve as a 
major factor influencing oviposition-site choice. A system that relies on imprinting would 
result in greater female-biased sex ratios due to an increase in nesting at female producing 
sites (Bull 1980; Reinhold 1998; Freedberg and Wade 2001; Morjan 2003). Computer 
modeling of a population of C. picta simulating natal imprinting found that, even in the 
absence of climate change, there would be a rapid shift toward female-biased sex ratios, 
driving the population towards extinction (Morjan 2003 ). However such skewed ratios have 
not been observed in the population, which has been under study for over 16 years (Janzen 
1994a; F.J. Janzen, personal communication). This result argues against imprinting as a 
major influence on oviposition preference and thus sex ratios for the population (Morjan 
2003). 
Since imprinting is an unlikely factor in maintenance of sex ratios in this population, 
it is likely that quantitive genetic factors play a major role, such that oviposition preferences 
are inherited genetically from the mother. 
Method for study of quantitive genetic parameters in natural populations 
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Many taxa, including turtles, are large and long-lived, making it impractical to 
investigate quantitative genetic parameters using standard breeding designs. Thus, most 
research in this field has been undertaken on short-lived organisms (Lynch and Walsh 1998), 
which are more suited to manipulation in the laboratory. Nonetheless, due to the potential 
for a quantitative genetic basis underlying oviposition site selection, estimates of quantitative 
genetic parameters need to be obtained. 
Over the past few years, several exciting new methods have been developed, allowing 
previously impractical questions in ecology and evolution to be realistically addressed. The 
first of these new methods is the use of microsatellite DNA. The rapid development of these 
highly variable repeating DNA regions has allowed many researchers to evaluate genotypes 
in natural populations (Goldstein and Schlotterer 1999; Pearse et al. 200la, b, 2002). 
Secondly, many new statistical models have been developed which can utilize both genotypic 
and phenotypic information from natural populations to estimate quantitative genetic 
parameters (Ritland 1996, 2000; Ritland and Ritland 1996; Lynch and Ritland 1999; 
Mousseau et al. 1998; Lynch and Walsh 1998; Queller and Goodnight 1989). 
Knowledge of the heritable basis for key aspects of nest-site choice may be critical 
for developing adequate management and prevention response plans for turtle populations 
and species that exhibit temperature-dependent sex determination. This thesis describes the 
use of microsatellite DNA and novel statistical methods to address the heritability of nest-site 
choice in a natural population of painted turtles. 
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CHAPTER2. 
Inheritance of Nest-Site Choice in the Field in a Turtle with 
Temperature-Dependent Sex Determination 
The sex of many reptiles, including that of painted turtles ( Chrysemys picta ), is 
determined by incubation temperature. Because of this unusual mechanism of sex 
determination, the choice of oviposition site is important for determining the sex of the 
offspring, which ultimately influences the sex ratio of the population. Recent field studies 
have shown that C. picta could choose nest sites based on the thermal microclimate at a 
particular location and that individual females choose thermally similar sites during each 
nesting event. The repeatability ofthis behavior suggests that there may be a quantitative 
genetic basis underlying nest-site choice. This hypothesis was tested by combining assays of 
molecular and phenotypic variation for 283 females from an Illinois population of C. picta. 
We quantified overstory vegetation cover of nest sites and four highly variable microsatellite 
DNA markers for each female. Results indicate that the actual variance of relatedness 
(Var(r)) is significantly positive (P<0.0001) and that the field heritability of nest-site choice 
is relatively high (h2 = 0.31±0.068, P < 0.0001). These results suggest that, not only do 
related females return to nest in the same geographic area, they also inherit microclimatic 
nesting preferences from their mothers via substantive quantitative genetic factors. 
Thermally-based nest-site choice might therefore serve as an evolutionary mechanism to help 
regulate sex ratios in this population. 
13 
Keywords 
Microsatellites, Sex ratio, Temperature dependent sex determination, C. picta, oviposition. 
Introduction 
The sex ratio in a population of sexually-reproducing organisms is an important 
component of its genetic structure and ability to persist. Of particular note, the evolution and 
maintenance of sex ratios in populations of organisms with environmental sex determination, 
such as temperature-dependent sex determination (TSO) found in many reptiles (Janzen and 
Paukstis 1991 ), is highly dependent on heritable variation in at least two key traits: (1) 
thermal sensitivity of embryonic sex determination and (2) maternal choice of oviposition 
sites (Bulmer and Bull 1982; Morjan 2003). Evidence from studies of the first trait in two 
species with TSO suggests low heritabilities under natural conditions (Bull et al. 1982a; 
Janzen 1992); no field studies of the quantitative genetic basis of the latter trait have been 
conducted in any species with TSO. 
Because offspring sex ratio is impacted by current climatic temperatures (Janzen 
1994a), the question arises how organisms with TSO might respond evolutionarily to 
climate-induced sex-ratio selection. Most turtles exhibit TSO where the thermal climate of 
the nest during incubation determines the sex of the hatchlings. Painted turtles ( Chrysemys 
picta) display this type of sex determination whereby a warm nest temperature produces 
females and nests only a few degrees cooler produce males (Ewert and Nelson 1991). 
Recent research indicates that nest-site choice of individual C. picta in an Illinois 
population is apparently based on the thermal microclimate at a particular location. Females 
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choose thermally similar sites every time they nest both within and across years (Janzen and 
Morjan 2001; Valenzuela and Janzen 2001). The preferred microclimate for each female is 
quantifiable by the amount of southwest vegetation cover over the nest. This measure is a 
good indicator of nest temperature during development because it remains relatively stable 
(Janzen 1994b ), allowing nests that receive more direct sunlight to maintain wanner 
temperatures than nests in shaded areas throughout the incubation period (Morjan and Janzen 
2003). The use of these thermally-related cues is significantly repeatable (repeatability= 
0.18-0.21 across years) (Janzen and Morjan 2001). The phenotypic effect of vegetation 
cover is predictable except in years where ambient air temperatures are extremely high as 
was observed in July 1995 (Weisrock and Janzen 1999) or low as observed in July 1990 
(Janzen 1994b ), causing a greater than expected proportion of nests to develop as either male 
or female, negating the effect of vegetation cover. 
The repeatability of nest-site choice is crucial for microevolution because ( 1) 
consistent individual differences are required for natural selection to act on the trait in a 
meaningful way and (2) repeatability generally places an upper bound on the heritability of 
the trait and thus on evolutionary response to selection (Boake 1989; Arnold 1994). But 
what is the underlying basis of this significant field repeatability? Is this maternal effect 
heritable or is it the consequence of some non-genetic effect (e.g., imprinting)? The answer 
is critical for predicting the microevolutionary response of this maternal trait to sex-ratio 
perturbation (Janzen and Morjan 2001; Morjan 2003). Computer modeling of this population 
of painted turtles suggests that imprinting, combined with rapid climate change, would 
quickly lead to female-biased sex ratios, typically driving the population to extinction 
(Morjan 2003). However, when nest-site choice is modeled as a heritable maternal effect, 
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more balanced sex ratios under environmental change arise, especially when coupled with 
the long generation time found in this species. 
The majority of the work in evolutionary quantitative genetics has been undertaken in 
the laboratory on short-lived organisms using standard breeding designs (Lynch and Walsh 
1998) or selection experiments (Gibbs 1999). In the past few years many technical and 
statistical hurdles have been breached, making it possible to address many longstanding 
questions in ecology and evolutionary biology. On the technical side, the explosive 
emergence of microsatellite DNA studies provides numerous genetic markers with which to 
enumerate genotypes of free-living organisms to assess relatedness for incorporation into 
quantitative genetic models (Goldstein and Schlotterer 1999; Pearse et al. 200la, b, 2002). 
Of equal importance has been the development of theoretical/statistical models capable of 
incorporating phenotypic and genotypic information to estimate quantitative genetic 
parameters in natural populations (Ritland 1996, 2000; Ritland and Ritland 1996; Lynch and 
Ritland 1999; Mousseau et al. 1998; Lynch and Walsh 1998; Queller and Goodnight 1989). 
Thus, armed with these new techniques, this study was undertaken to determine if 
there is a quantitative genetic basis underlying nest-site choice. lbis hypothesis was tested 
by estimating the genetic relationships between 283 nesting females in a natural population 
of C. picta using four highly variable microsatellites. These pairwise estimates were then 
compared to pairwise measures of southwest vegetation cover over the nests of these females 
to determine if there is a quantitative genetic factor that underlies nest-site choice using novel 
analytical methods (Ritland 1996, 2000; Ritland and Ritland 1996; Lynch and Ritland 1999; 
Mousseau et al. 1998; Lynch and Walsh 1998; Queller and Goodnight 1989). 
Materials and Methods 
Nesting area 
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The population of painted turtles used in this study nests on the east side of an island 
at the Thomson Causeway Recreation Area along the Mississippi River near Thomson, IL. 
The nesting beach is a level grassy area that is maintained by the Army Corps of Engineers. 
The primary vegetation cover available on the island consists of mature trees. The females in 
this population nest from late May to early July, laying one to three nests during the season. 
This nesting population is well characterized; nesting events and vegetation cover readings of 
each nest have been observed since 1988 (Janzen 1994b ); the identity of females for most 
nesting events has been recorded since 1995, and blood samples from these females have 
been collected since 1997. 
Field data collection 
During the nesting season each female was monitored from afar as she chose a nest 
site. After the eggs were laid, the identity of the female was recorded and the vegetation 
cover over the nest was measured using a spherical densiometer (Janzen and Morjan 2001). 
Blood was collected from a postcranial sinus for each female, using a 28ga insulin syringe, 
preserved in lysis buffer, and stored in liquid nitrogen until transport to the laboratory for 
molecular analysis. 
The percentages of vegetation cover for the south and the west were calculated for 
each female by multiplying the densiometer readings facing each direction by 1.04. The 
percentages for south and west were summed and divided by 2 to obtain the average 
percentage of vegetation cover for the two directions combined 01 alenzuela and Janzen 
17 
2001 ). Data from all nesting events of a given female were averaged to obtain a single 
vegetation cover reading for that female for use in the quantitative genetic analysis. 
Molecular markers 
In order to genotype the females in the focal population, DNA was isolated from the 
blood samples taken in the field using a High Pure PCR Template Preparation Kit. PCR was 
performed on the isolated DNA using fluorescently labeled primers (Appendix 1) in 12.Sul 
reactions consisting of Sul dH20, l.25ul lOX buffer, 2ul of 25mM Mg+2, 1 ul of l.25mM 
dNTP, 1 ul fluorescently labeled L primer, 0.25ul Taq polymerase, and 2ul DNA. The 
thermal profile used for all samples was 94° C for 2 min, then 30 sat 94° C, 30 sat 57.5° C, 
30 sat 72° C for 30 cycles then 30 sat 94° C, 30 sat 56 ° C, 30 sat 72 ° C, then held at 4 ° 
C. The products were separated and analysed using ABI 377 genotypers and associated 
software. Four polymorphic microsatellite DNA markers were examined for each female: 
loci CmuD88, CmuD79, CmuD21, and CmuD62 (Tim King, pers. comm.). Microsatellite 
DNA analysis was necessary because mtDNA exhibits insufficient variation in C. picta to 
address genetic relationships among females (Starkey et al. 2003 ). 
Analytical methods 
The field and laboratory data were combined with analytical methods that allow 
examination of pairwise relationships between individuals in a natural population using 
molecular markers. The Queller and Goodnight 1989 method, a regression based estimator of 
relatedness (r), was used based on the number of alleles and their distribution at each loci in 
this population (Wang 2002, Van de Casteele. et al. 2001). The relatedness estimate was 
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then used to determine the heritability in a population with unknown pedigree structure, 
based on the regression of pairwise phenotypic similarity (Ritland 2000) and the estimated 
relationship between individuals (Queller and Goodnight 1989). 
Gene Pop (Raymond and Rousset 1995) (available online at 
http://wbiomed.curtin.edu.au/genepop/genepop opl.html) was used first to determine the 
expected heterozygosity of the population and to determine if the microsatellites used were in 
Hardy-Weinberg equilibrium. An estimation of relatedness in the population was then 
determined by using MaRQ (available online at 
http://genetics.forestry.ubc.ca/ritland/programs.html). The ability of the model to estimate 
the relationship between individuals is dependent on the molecular markers being sufficiently 
polymorphic and the population consisting of a mixture of relationships (full-sibs, half-sibs, 
unrelated individuals); several studies have highlighted the importance of these factors on the 
precision of this type of relatedness estimate (Mousseau et al. 1998; Lynch and Ritland 1999; 
Thomas et al. 2000). The microsatellite data were evaluated in the context of measurements 
of southwest vegetation over nests taken in the field to estimate heritability of nest-site 
choice (Ritland 2000). 
Results 
Nesting Events 
The females in the population laid one to three clutches during a given nesting 
season. The number of documented nesting events per female since 1997 ranged from one to 
thirteen with a mean of 3.05 (Figure 1). An increase in the number of first time (i.e., 
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primiparous) nesting females in 2002 and 2003 accounts for most of the individuals with 
only one observed nesting event. 
This increase in primiparous females is notable. Higher than average air temperatures 
during embryonic development in 1995 caused a greater than expected number of females to 
hatch in the population (Weisrock and Janzen 1999). This observation, coupled with the fact 
that the females in this population appear to reach maturity after 6-8 years (Bowden et al. 
2004), indicates that these primiparous females may have been hatchlings in 1995. Under 
this assumption, our dataset should contain a robust mixture of mother-daughter 
relationships, and full- and half-sibs (multiple paternity runs about 30% of clutches in this 
population; Pearse et al. 2002), along with unrelated individuals. 
Vegetation Cover 
The mean percentage of vegetation cover from the southwest chosen by females in 
this population was 42% (SD=l 7.76, range 0%-97%) (Figure 2). This result reveals that the 
majority of females prefer to nest in areas with moderate amounts of southwest vegetation 
cover and actively avoid nesting in areas of dense or absent vegetation cover. Even so, some 
females tended to nest consistently in shadier (or sunnier) sites than other females. 
Molecular Markers 
Assays of four highly variable microsatellite DNA markers ranging from 13 to 19 
alleles per locus were examined for 283 females from the focal population (Figure 3). Four 
individuals were randomly chosen and their microsatellite lengths were evaluated twice to 
ensure repeatability of molecular data (the repeated data were removed from subsequent 
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analysis). The average number of alleles per locus was 15.5 with a mean expected 
heterozygosity of 0.79. Three of the four loci segregated normally and independently, 
showing no significant deviations from Hardy-Weinberg equilibrium (probability test: loci 
CmuD88, P===0.00; CmuD79, P===0.06; CmuD21, P===0.55; and CmuD62, P=0.58; GENEPOP 
3.lc, Raymond & Rousset, 1995). However, only two loci (CmuD21 and CmuD62) were 
used in the final quantitative genetic analysis since the marker CmuD79 was close to the 
Hardy-Weinberg cutoff. 
To estimate heritability n(m-1) should be between 25 and I 00 for n loci and m alleles 
(Ritland 2000). If these criteria are met, it is more useful to sample more individuals rather 
than more microsatellites. Using only two microsatellite loci (CmuD21 and CmuD62), n(m-
1) === 25 (including all four microsatellite loci, n(m-1) = 48). The optimum number ofloci 
giving estimates with the lowest expected standard error given the number of alleles obtained 
for each locus was four (SE - 0.001). However, despite the optimum number of loci being 
four the standard error based on only two microsatellites is not significantly different (SE < 
0.002) (Ritland 1996). 
The actual variance of relatedness based on these two microsatellite loci 0/ar(r)) is 
significantly positive (P < 0.0001). The population of nesting females consists of individuals 
representing a variety of relationships, including unrelated individuals, half-sibs, and full-sibs 
(Figure 4 ). A line fitted to the pairwise relatedness plotted against the difference in 
vegetation cover pairwise for all females gives an estimated slope of -0.15 (Figure 4), this 
indicates that as relatedness increases the similarity between vegetation cover over the nests 
also increases. Although, the actual slope may be slightly larger due to the error associated 
with estimating the relationships, which tends to flatten the slope (Ritland and Ritland 1996) 
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One of the most noticeable properties of pairwise relatedness estimates is that the 
estimates commonly lie outside the "allowable" r values of 0-1 (Figure 4). However, ifthe 
values are restricted to within the "allowable" range it causes statistical bias (Ritland 2000). 
This common property of estimates of pairwise relatedness does not cause a problem when 
estimating heritability which uses variances and covariances of relatedness rather than the 
mean relatedness (Ritland 2000). The heritability of nest-site choice in the field, using the 
Queller and Goodnight (1989) method, is relatively high (h2 = 0.31 ± 0.068, P < 0.0001 ). 
Discussion 
There is increasing recognition that maternal effects, both genetic and environmental, 
play a major role in microevolutionary processes (reviewed in Mousseau and Fox 1998). 
Most of the empirical research has focused on short-lived species under controlled laboratory 
or greenhouse conditions. The relatively few field studies of maternal effects have largely 
concerned life-history traits in short-lived plants, insects, and birds (reviewed in chapters 9-
19 in Mousseau and Fox 1998). Because life-history strategies differ markedly between 
short- and long-lived taxa (reviewed in Roff 1992; Stearns 1992), the dynamics and 
biological impact of maternal effects might be expected to differ accordingly. We currently 
have little knowledge of the role of maternal effects in the microevolution of key traits in 
natural populations of long-lived taxa. 
Nesting biology is increasingly acknowledged as a vital component in the evolution 
of TSD (Roosenburg 1996; Reinhold 1998; Janzen and Morjan 200 l; Valenzuela and Janzen 
2001 ). Where and when females oviposit can affect many nest traits, including the 
temperatures experienced during embryonic development (Weisrock and Janzen 1999), 
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which directly influence the sex of the offspring in species with TSD. As a result oviposition 
behavior is an important maternal effect (Roitberg 1998) and its nature is essential to 
determine in species with TSD, since this maternal effect may impact the microevolutionary 
dynamics of sex ratio (Morjan 2003). If the underlying mechanism is based on additive 
genetic factors, then a modest microevolution response to sex ratio perturbation is possible 
via oviposition behavior. Under natal imprinting, the sex ratio quickly becomes female-
biased and responds only weakly to Fisherian sex-ratio selection (Morjan 2003). 
We assessed the heritable basis of nesting behavior in the field using a well-studied 
population of painted turtles with TSD. Several other studies have also estimated heritability 
using molecular markers in natural populations. The first study to undertake this task 
assayed two natural populations of monkey flowers (Mimulus guttatus), as well as laboratory 
reared offspring from 'wild caught' parents, in order to compare laboratory versus field 
heritability (Ritland and Ritland 1996). The study found a higher heritability in the field than 
in the laboratory population, however, this result was expected due to genotype by 
environment interactions, which cause the cross-environment offspring-midparent regression 
to underestimate the heritability in the laboratory (Ritland and Ritland 1996, Coyne and 
Beecham 1987, Prout 1958). A study of jacking, weight, length, and flesh color in a 
laboratory reared population of Chinook salmon of known genetic structure using molecular 
markers (Mousseau et al. 1998) found that the heritability of all traits evaluated fell within 
the expected ranges observed in salmon (Gjerde and Gerdrem 1984; Heath et al. 1994) as 
well as in animals in general (Mousseau and Roff 1987; Roff and Mousseau 1987; Houle 
1992). Another study of interest using molecular markers to estimate heritabilities was 
undertaken on turkey oak (Quercus laevis), a long-lived species. This population did not 
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show a significant variance of relatedness, which is a vital assumption of the current 
molecular modeling techniques; however the authors were able to document heritability and 
estimate its ranking among traits and environments (Klapper et al. 2001). (For additional 
studies estimating heritability using molecular markers see: Wilson et al. 2003a,b; Garant et 
al. 2003; Wang et al. 2002; Coltman et al. 2003; Conner et al. 2003; Thomas et al. 2002). 
Adding to this growing pool of quantitative genetic studies in natural populations, our results 
suggest that nest-site selection with respect to overstory vegetation cover in this population 
of C. picta has significant quantitative genetic underpinnings. That is, closer relatives nest in 
more similar microhabitat types. 
Based on this result, the significant repeatability of oviposition behavior detected 
previously in this population (Janzen and Morjan 2001) is likely due to the effect of 
quantitative genetic elements. This conclusion is also supported by computational modeling 
of this population that predicted imprinting on the natal nest would cause extreme female 
bias leading to extinction, especially in rapidly changing environments (Morjan 2003). 
Moreover, the heritability of nest-site choice based on simulations (h2 = 0.22 ± 0.086) 
(Morjan 2003) is of particular interest because it is relatively close to the estimated 
heritability found in our study using molecular markers (h2 = 0.31 ± 0.068). 
The data-driven modeling study by Morjan (2003) suggests that, when based solely 
on maternal traits such as nest-site choice, TSD will evolve relatively slowly because such 
traits are only inherited through one sex. Thus, traits inherited through both sexes, such as 
the thermal sensitivity of embryonic sex determination, would be expected to contribute 
more to the evolutionary potential ofTSD. However, the exceptionally low realized 
heritability for thermal sensitivity of embryonic sex determination (Bull et al. 1982a; Janzen 
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1992) makes it unlikely that this trait would contribute significantly to the microevolution of 
TSD. 
Given the long evolutionary persistence of species with TSD despite historical habitat 
and climate changes that could dramatically impact sex ratio (Janzen and Krenz 2004), these 
empirical results combined with the modeling outcome present a conundrum. The solution to 
this problem may lie in several areas, including other traits that have not yet been considered 
(e.g., nesting phenology), the potential genetic interactions between traits affecting TSD, and 
the often unusual or unpredictable evolutionary dynamics of indirect genetic effects like 
maternal effects (e.g., Lande and Kirkpatrick 1990; Wolf et al. 1998). We nonetheless 
suspect that nest-site choice involving vegetation cover in this population may serve as a 
viable substrate for adaptive microevolution of TSD in response to substantial habitat or 
climatic change, especially since vegetation cover-based nesting behavior varies 
geographically in at least some turtles with TSD (e.g., Ewert et al. 1994). Additional 
theoretical, field, and genetic work is necessary, however, to evaluate this proposition 
thoroughly. 
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Figure 1. The number of nesting events for each female included in the analysis. The number 
of documented nesting events per female since 1997 ranged from one to thirteen. An increase 
in the number of first time (i.e., primiparous) nesting females during the past two years 
accounts for most of the individuals with only one observed nesting event. 
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Figure 2. The average percent shade cover for 283 females in the focal population illustrating 
that the majority of females prefer to nest in areas with moderate amounts of southwest 
vegetation cover and actively avoid nesting in areas of dense or absent vegetation cover. The 
mean percentage of vegetation cover from the southwest chosen by females was 42% 
(SD=l 7.76, range 0%-97%). 
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Figure 3. Frequency of each allele from 283 females in the focal population at the Thomson 
Causeway Recreation Area along the Mississippi River near Thomson, IL. The polymorphic 
microsatellite loci CmuD21 has 14 alleles, CmuD79 has 19 alleles, CmuD62 has 16 alleles 
and CmuD88 has 13 alleles. 
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Figure 4. The estimated pairwise relatedness (n=39,823) between 283 females from the focal 
population. The x-axis illustrates the presence of unrelated individuals, half-sibs, full sibs 
and identical individuals in the population. 
The line is a fitted regression of the pairwise nest difference and the estimated 
relatedness between each pair. The estimated slope of the line is -0.15 indicating that as 
relatedness increases the difference in vegetation cover between females decreases. The 
actual slope may be slightly larger due to the error associated with estimating the 
relationships, which tends to flatten the slope (Ritland and Ritland 1996). 
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CHAPTER3. 
General Conclusions 
General Discussion 
Oviposition-site choice involving vegetation cover in this population of painted 
turtles is likely to be a viable substrate for adaptive evolution of sex ratio in response to 
substantial habitat or climatic change. Imprinting is unlikely to serve as the vector for 
transmitting oviposition-site choice across generations as it would lead to highly skewed sex 
ratios under rapid climate change (Morjan 2003). Instead, quantitative genetic factors are 
more robust under computer modeling and reveal a high field heritability of nest-site choice 
in this population, indicating that genetic factors are probably responsible for the 
repeatability of nest-site choice (Janzen and Morjan 2001) and are a likely candidate for 
controlling the evolution of sex ratios in this population. The use of microsatellite DNA and 
novel statistical models (Ritland 1996; Ritland and Ritland 1996; Lynch and Ritland 1999; 
Ritland 2000) to address the heritability of quantitative genetic traits in natural populations is 
an incredibly powerful tool, allowing the microevolutionary study of previously 
"unreasonable" species without the difficulty and financial burden of developing laboratory 
schemes in which to raise these organisms. 
Recommendations for Future Research 
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Several other key factors of nesting ecology should also be examined in this system 
due to their possible importance in population dynamics. These factors include: (1) the effect 
of nest predation on sex ratio (Janzen 1994) (the nests of some females consistently have a 
higher rate of predation than others (Valenzuela and Janzen 2001), pointing to the potential 
for an underlying quantitative genetic basis for this trait), (2) the Cartesian coordinates of the 
nests to determine if there is any spatial clustering of related females when nesting, and (3) 
the nesting phenology to determine if there is a quantitative genetic basis to the timing of 
nesting (e.g., the difference between a given female's nesting date from the population's 
annual mean nesting date). 
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APPENDIX. 
Microsatellite Loci List 
Primer sequences (5'-31 
F:GCA GTT AGO CAT TAC TCA ACA TC 
R: AGO GTA TGA ATA CAG GOG TOT C 
F: GGTGGT ATAGAAAATCCT AAAATGG 
R: GRG CAA ACT GRC TOG AAA TAG G 
F: GCC CTG TIC CAT TCT TAT TCT G 
R: ATC CCC TIA GRC OTC TCT TTT C 
F: AAC AA T GCC TGA AAA TGC AC 
R: TAG OCT ACC TCT GAA AAT OCT G 
Table 1. Primer sequences. 
Locus 
CmuD21 
CmuD62 
CmuD79 
CmuD88 
Repeat motif 
(TAGA)l5 
(GATA)l 1 
40 
(GATA) 1 O(AA T)2(CTGG)(AA T)(AT)5 
(CTAT)18 
Dye 
6-FAM 
TET 
TET 
6-FAM 
Table 2. Repeat motif, fluorescent dye labeled, and allele range (bp ). 
Allele range (bp) 
144-210 
143-185 
159-213 
105-198 
